The ability of 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate (HOPDA) hydrolase (BphD) of Burkholderia cepacia LB400 to hydrolyze polychlorinated biphenyl (PCB) metabolites was assessed by determining its specificity for monochlorinated HOPDAs. The relative specificities of BphD for HOPDAs bearing chlorine substituents on the phenyl moiety were 0.28, 0.38, and 1.1 for 8-Cl, 9-Cl, and 10-Cl HOPDA, respectively, versus HOPDA (100 mM phosphate, pH 7.5, 25°C). In contrast, HOPDAs bearing chlorine substituents on the dienoate moiety were poor substrates for BphD, which hydro- 
PCBs
1 are one of the most widely distributed classes of chlorinated pollutants in the environment (1) . Commercial mixtures of PCBs typically consist of over 60 of the 209 possible congeners, differing in the number and position of the chloro substituents. Although their production and widespread usage has been banned in the industrial world for over 20 years, the destruction of PCBs is of continued relevance due to their pervasiveness and persistence in soils and sediments, their impact on fragile ecosystems, such as those found in the Arctic, and human health concerns (2) . The persistence of PCBs is due in part to their thermodynamic stability, structural diversity, and strong adsorption to organic matter. The discovery that a variety of microorganisms transform some PCB congeners has fueled interest in harnessing microbial catabolic capabilities to remediate sites contaminated by these pollutants. Effective bioremediation strategies require increasing the bioavailability of these compounds and optimizing the microbial catabolic activities involved in their mineralization (3, 4) .
Many PCBs are transformed aerobically by the bph pathway, which is found in a wide variety of soil isolates (5, 6) . The upper bph pathway consists of four enzymatic activities that act sequentially to transform biphenyl to benzoate and 2-hydroxypenta-2,4-dienoate via dihydroxylation of one of the aryl rings and the production of a catecholic intermediate (4) . The ability of the bph pathway to transform PCB congeners is strain-dependent (5-7). However, even the so called "best" PCB-degrading strains, such as Burkholderia cepacia LB400, transform few highly chlorinated congeners and do not effectively mineralize all lightly chlorinated congeners (5) (6) (7) (8) . These different catabolic capabilities have been studied largely as a function of biphenyl dioxygenase, which catalyzes the initial dihydroxylation of the PCB congener. Accordingly, this enzyme has been studied with a view to augmenting its utility for the degradation of PCBs (9 -13) . In contrast to these efforts, there have been very few reports on the ability of other bph pathway enzymes to transform chlorinated metabolites. Such studies are essential to understanding the basis of microbial catabolic activities and improving these activities for PCB degradation.
Studies in which intact cells were incubated with individual PCB congeners indicate that the fourth enzyme of the bph pathway limits the degradation of PCBs by this pathway. This hydrolase, BphD (EC 3.7.1.8), catalyzes carbon-carbon bond cleavage of HOPDA (14) , yielding 2-hydroxypenta-2,4-dienoate and benzoate (Scheme 1) (15) . Incubation of two different biphenyl-degrading strains with 2,4Ј-diClB (2,4,4Ј-triClB and 2,4Ј,5-triClB, respectively) resulted in the accumulation of chlorinated HOPDAs (5) . Similar results have been reported in several other strains, including B. cepacia LB400 (7, 8) . However, in none of these studies were the accumulated chlorinated HOPDAs well characterized. Other congeners, such as 2,3,3Ј-triClB, have been reported to give rise to chloroacetophenones (7, 16) . The transformations leading to chloroacetophenones have yet to be described.
BphD belongs to a family of enzymes involved in the aerobic degradation of aromatic compounds, hydrolyzing vinylogous 1,5-diketones formed by the dioxygenative meta-ring cleavage of arenes (17) . These enzymes have an ␣/␤ hydrolase fold as well as conserved serine, histidine, and aspartate residues, reminiscent of the catalytic triad present in a number of other hydrolytic enzymes (18) . Mutagenesis studies on XylF, the hydrolase of the toluene and xylene degradation (TOL) pathway, and BphD of Comamonas testosteroni B-356 have confirmed that these residues are critical for catalysis (19, 20) . Interestingly, the conserved serine residue appears to act as a base (21) . More specifically, mechanistic studies on MhpC, a hydrolase involved in the degradation of phenylpropionate, indicate that the substrate is first bound in the enol form and undergoes tautomerization to the keto form before being subject to base-catalyzed attack by water (21) (22) (23) . It has been proposed that the keto form of the substrate binds weakly and can dissociate from the active site prior to attack by water. Steady-state kinetic studies on BphD of B. cepacia LB400 (Bph-D LB400 ) indicate that this enzyme is also "leaky" (24) .
To investigate the significance of BphD in the microbial degradation of PCBs, the specificity of BphD LB400 for monochlorinated HOPDAs was determined by steady-state kinetics. The HOPDAs used in these studies were generated enzymatically from the extradiol cleavage of the corresponding chlorinated dihydroxybiphenyls and were characterized using UVvisible and NMR spectroscopies. The stability and acid dissociation constants of the HOPDAs in aqueous buffer were determined. The transformation products of the HOPDAs in the absence and presence of BphD were investigated by HPLC. The results of these studies are discussed in terms of the degradation of PCBs, as well as the mechanism of BphD-related hydrolases.
MATERIALS AND METHODS
Chemicals-DHB, 4-Cl, 5-Cl, 6-Cl, 2Ј-Cl, 3Ј-Cl, and 4Ј-Cl DHBs were synthesized by a combined directed ortho metalation-cross coupling strategy, purified to greater than 99% purity, and fully characterized as described elsewhere (25) . All other chemicals were of analytical grade.
Protein Purification and Buffer Preparation-BphD LB400 was purified to apparent homogeneity from Escherichia coli DH5␣ containing the plasmid pSS314 as described previously (24) . DHBD was purified anaerobically from B. cepacia LB400 containing the plasmid pLEBD4 as described previously (26) . Aliquots of concentrated enzymes were flash frozen in liquid nitrogen and stored at Ϫ80°C. All buffers were made with water purified to a resistivity of 17 to 18 M⍀-cm using a NANOpure UV water purifier (Barnstead, Dubuque, IA). The pH was determined using a model PHM93 reference pH meter (Radiometer, Copenhagen, Denmark).
Preparation and Characterization of HOPDAs-Stock solutions of HOPDAs in 100 mM ionic strength of potassium phosphate, pH 7.5, were prepared immediately prior to use. HOPDAs was prepared by dissolving the corresponding DHB in a small volume of 95% ethanol and diluting to the desired volume with buffer (ethanol constituted less than 0.1% of the enzymatic assay solution). To this solution was added a sufficient amount of DHBD to completely transform the DHB to the corresponding HOPDA.
Extinction coefficients of the yellow-colored HOPDAs were determined by adding excess quantities of the ring cleavage enzyme to solutions containing weighed amounts of DHB and determining the resultant absorbance spectrophotometrically. In the preparation of stock solutions of HOPDAs for the hydrolase assays, complete conversion was verified by ensuring that (i) there was no further increase in absorbance at the wavelength of maximum absorbance upon addition of fresh ring cleavage enzyme to a diluted sample, and (ii) the absorbance expected from the amount of DHB present and the determined extinction coefficient was obtained. HOPDAs used for steady-state kinetic studies were prepared enzymatically, divided into aliquots, frozen at Ϫ80°C, and used within 8 h of being frozen. For all HOPDAs except 4-Cl HOPDA, individual aliquots were thawed as needed and used within 1 h of being thawed. In the case of 4-Cl HOPDA, aliquots were used immediately after being thawed.
To determine the configuration of chlorinated HOPDAs in solution, HOPDAs were prepared from the respective DHBs as described above, acidified to pH 3 with 12 N HCl, and then extracted three times with ethyl acetate. The pooled organic phase was dried over anhydrous magnesium sulfate, which was then removed by filtration. To prepare the free acid of the respective HOPDAs, the ethyl acetate fraction was evaporated to dryness under reduced pressure. To prepare the sodium salt of the respective HOPDAs, a stoichiometric amount of sodium hydroxide dissolved in ethanol was added to the ethyl acetate fraction. The precipitated salt was washed with ethyl acetate and then dried under reduced pressure. The free acid and sodium salt forms of the HOPDAs were stored in a dessicator at 4°C. For NMR analysis, the free acid and sodium salt of the HOPDAs were dissolved in deuterated acetone-d 6 or deuterated phosphate buffer, pH 7.5, respectively, to a final concentration of about 40 mM.
To determine pK a values, each HOPDA was generated by the cleavage of the corresponding DHB, as described above, in 20 ml of unbuffered water. DHBD was removed by ultrafiltration using a stirred cell equipped with a YM10 membrane (Amicon). The enzyme-free ultrafiltrate, which contained approximately 0.5 mM HOPDA, was acidified with 12 N HCl to pH 3. This solution was titrated with aliquots of 10 l 50 mM NaOH, and the pH was determined after the addition of each aliquot. The pK a values were determined from plots of pH versus amount of base added.
The stability of each HOPDA was determined by spectrophotometrically monitoring the decrease in absorbance of a solution of the HOPDA (100 mM phosphate, pH 7.5, 25°C) at the wavelength of maximum absorbance of the enolate tautomer of the HOPDA. The experiments were repeated using three different concentrations of each HOPDA (0.03, 0.3, and 0.7 mM). Half-lives were determined by fitting the data to a first-order decay using Excel (Microsoft, Redmond, WA).
To prepare transformation products, 0.1 to 0.2 mM samples of freshly prepared HOPDA (100 mM phosphate, pH 7.5) were incubated in the absence or presence of purified BphD. When present, BphD was added to a final concentration of 0.1 g/ml, and the samples were monitored for up to 1 h. When no BphD was present, the samples were monitored for up to 4 days. The transformation of the HOPDA was monitored spectrophotometrically at the appropriate wavelengths. Transformation products were analyzed by HPLC as described below. Experiments were done in duplicate.
NMR Analyses-1 H NMR spectroscopy was performed on a Bruker Avance DMX 500 MHz spectrometer, a Bruker Avance DPX 300 MHz spectrometer, and a Bruker AC300 spectrometer. The Avance models were interfaced with Silicon Graphics workstations. HOPDA samples were dissolved in acetone-d 6 , and solvent peaks were used as internal standards ( 1 H ϭ 2.04 ppm). NOESY and HMBC spectra were recorded using standard 2D sequences. In the NOESY sequence (recycle -/2 -⌬ -/2 -m -/2 -acquire), the recycle delay and mixing time ( m ) were 1 s. The variable delay increment was optimized to cover the useful NMR frequency range. The F2 dimension FID was defined with 2K points, and the F1 dimension was defined with 128 increments. Eight scans were summed for each increment. In the HMBC sequence (recycle
P3) -acquire), the recycle delay was 1 s, the evolution delay (D6) was 100 s, and the increment delay (D) was 3 s. Twelve scans were summed for each increment. All final two-dimensional maps were symmetrized about the diagonal. Spectra were simulated using the ACD Labs software package (Advanced Chemistry Development Inc., Toronto, Ontario, Canada).
Elemental Analyses-Elemental analyses were performed by Canadian Microanalytical Service Ltd. (Delta, British Columbia, Canada).
Reverse Phase HPLC Analyses-HOPDA transformation products were analyzed using a Hewlett Packard model HP1050 HPLC (Missis-SCHEME 1. BphD-catalyzed formation of HOPDA.
sauga, Ontario, Canada) equipped with a Hewlett Packard ODS Hypersil C18 column (125 ϫ 4 mm) and operated at a flow rate of 1 ml/min. Samples of 10 l were injected into the HPLC. Samples analyzed for benzoates were eluted with 55% methanol:0.22% phosphoric acid: 44.78% water, and the eluate was monitored at 230 nm. Samples analyzed for acetophenones were eluted with 40% methanol:0.3% phosphoric acid:59.7% water or 35% methanol:0.325% phosphoric acid: 64.675% water, and the eluate was monitored at 250 nm. The retention times, peak areas, and absorption spectra of the eluted compounds were compared with standards containing known concentrations (100, 200, and 400 M) of benzoate, acetophenone, or their chlorinated derivatives.
Kinetic Measurements-Enzymatic activity was measured by following the consumption of the yellow substrate using a Varian Cary 3 spectrophotometer equipped with a thermojacketed cuvette holder. The spectrophotometer was interfaced to a microcomputer and controlled by Cary OS/2 multitasking software. The amount of enzyme used in each assay was adjusted so that the progress curve was linear for at least 2 min. Initial velocities were determined from a least squares analysis of the progress curves using the kinetics module of the Cary software.
Specificity and inhibition experiments were carried out in a total volume of 1.0 ml of 100 mM ionic strength potassium phosphate, pH 7.5, 25.0 Ϯ 0.1°C. The reaction was initiated by adding 5-10 l of an appropriately diluted enzyme preparation to the reaction cuvette. A reaction mixture prepared without the hydrolytic enzyme served as a reference. Reactions were monitored at the wavelengths indicated in Table I . For specificity experiments, initial velocities were determined at substrate concentrations that ranged from 0.3 to 10 times the K m for that substrate. For inhibition experiments, HOPDA was used as a substrate and the concentration of inhibitor was varied from at least 0.7 to 4 times the K i for that compound. At each concentration of inhibitor, the concentration of HOPDA was varied from 0.3 to 10 times its apparent K m . Initial velocities determined at different substrate and inhibitor concentrations were fitted to the appropriate equations using the least squares and dynamic weighting options of LEONORA (27) . The validity of the kinetic models was evaluated using residual plots and analyses of variance (F statistic).
RESULTS

Physical Properties of HOPDA and Chlorinated HOPDAs-
Solutions of the freshly prepared HOPDAs, produced from the DHBD-catalyzed cleavage of the corresponding DHBs in 100 mM phosphate, pH 7.5 (25°C), all had the characteristic yellow color of the enolate anion. Accordingly, the absorption spectra of these solutions had wavelengths of maximal absorbance between 390 and 440 nm ( Table I ). The extinction coefficient at this wavelength for each HOPDA are given in Table I . This table also summarizes the pK a values for the enolic hydroxyl group for HOPDA and each chlorinated HOPDA as determined by titration. The pK a value was relatively unaffected by chloro substituents at C-9 or C-10. In contrast, chloro substituents at C-3, C-5, or C-8 lowered the pK a value by 0.7 to 1 unit. As described below, the pK a of 4-Cl HOPDA could not be reliably determined due to its nonenzymatic transformation, which is accelerated at high pH (Ͼ9).
Nonenzymatic Transformations of HOPDAs-All HOPDAs were observed to undergo a spontaneous transformation in aqueous buffer. The half-lives of the HOPDAs, determined spectrophotometrically by monitoring the decrease in absorbance of the enolate anion, indicated that their stability varied according to the position of chloro substituent (Table I) . Interestingly, this stability appears to correlate with the pK a of the enolic group. Thus, HOPDA, 9-Cl HOPDA, and 10-Cl HOPDA, the enolic pK a values of which are between 6.8 and 7.3, had half-lives of about 50 h. In contrast, 3-Cl, 5-Cl, and 8-Cl HOPDA, with pK a between 6.1 and 6.5, had half-lives of over 200 h. It appears that the compounds with lower pK a values are more stable due to the presence of higher proportion of enolate species at pH 7.5.
4-Cl HOPDA differed from the other HOPDAs in that it underwent two successive transformation in aqueous solution. When prepared freshly from 5-Cl DHB, 4-Cl HOPDA had a maximal absorption at 409.5 nm at pH 7.5, typical of an enolate anion (compound A). Compound A underwent an initial transformation to compound B, the absorption spectrum of which was characterized by a maximum at 300 nm and isosbestic points at 262, 281, and 344 nm with respect to the initial enolate (Fig. 1) . The half-life of the transformation of compound A to B was 2.8 h at pH 7.5 and decreased at basic pH. Compound B underwent a second transformation with a half-life of 179 h. Addition of 0.6 M sodium borate to a mixture of compounds A and B at pH 7.5 yielded a spectrum with features at 395 and 409.5 nm (Fig. 1) , the relative intensities of which FIG. 1. Spontaneous transformation of enzymatically generated 4-Cl HOPDA. Curve A, the electronic absorption spectrum of freshly cleaved 5-Cl DHB absorbs maximally at 409.5 nm (100 mM phosphate, pH 7.5, 25°C). Curve B, the spectrum of the same solution after incubation for 13 h at 25°C. Curve C, the spectrum of the incubated solution after addition of 0.6 M borate.
TABLE I Molar extinction coefficients of chlorinated HOPDAs
Molar extinction coefficients and half-lives were determined in 100 mM potassium phosphate buffer, pH 7.5, 25°C using freshly generated HOPDAs. The pK a values of the respective enolates were determined in unbuffered water. depended on the proportion of compounds A and B in the mixture. Addition of borate to a solution of freshly prepared 4-Cl HOPDA yielded a spectrum that was similar to that of the enolate anion. In contrast, addition of borate to a solution containing 95% compound B yielded a spectrum with an absorbance maximum at 395 nm and a shoulder around 409 nm. Borate promotes the tautomerization of ␣-ketoacids to ␣-enol acids through the formation of borate-enol complexes (28, 29) . It was thus concluded that 4-Cl HOPDA was initially transformed to a structurally similar ␣-ketoacid. Compound B was identified as 4-OH HOPDA by NMR and elemental analysis as described below.
The 1 H NMR spectra of HOPDAs in acetone indicated that the monochlorinated HOPDAs exist in different tautomeric forms dependent on the position of the chloro substituent on the dienoate (Table II) . The spectrum of HOPDA was in good agreement with the reported spectrum and indicated that this compound exists as an enol in a trans transoid configuration (14) (Scheme 1). The spectrum of 5-Cl HOPDA revealed two doublets at 7.59 and 6.68 ppm. These correspond to H-3 and H-4, respectively, and indicate that 5-Cl HOPDA also exists in a single enolic form in acetone. The coupling constants of the H-3 and H-4 protons are consistent with a transoid configuration. In contrast, the 1 H NMR spectrum of 3-Cl HOPDA demonstrated that this compound exists in both enol and keto tautomeric forms in a ratio of 2:1 respectively (Table II) . Identification of the keto form was based on the occurrence of a doublet at 4.41 ppm, corresponding to the saturated CH 2 of the keto tautomer (H-5 K ) and a triplet at 7.52 ppm, corresponding to the ␤ proton of the ␣/␤ unsaturated carbonyl (H-4 K ). Significantly, the 1 H NMR spectrum of 3-Cl HOPDA in deuterated phosphate buffer indicated that this compound exists as an enol in aqueous solution, consistent with the electronic absorption spectrum.
The 1 H NMR and 13 C NMR spectra of 4-Cl HOPDA preparations in acetone revealed the presence of two structurally similar compounds, A and B, consistent with the absorption spectra of borate complexes of these preparations (Figs. 2 and  3 ). Elemental analysis of compound B demonstrated that it contained no chlorine, consisting of 60.93% C, 4.45% H, and 34.36% O. Based on simulated NMR spectra, the elemental analysis, and chemical considerations, it was proposed that compounds A and B correspond to 4-Cl and 4-OH HOPDAs, respectively. In the 1 H NMR spectrum of a mixture of compounds A and B, resonances corresponding to 4-Cl HOPDA were observed at 7.29 ppm (H-3 A ) and 6.98 ppm (H-5 A ). A NOESY spectrum (Fig. 2) revealed a cross-peak between H-5 A (6.98 ppm) and the two ortho protons on the aromatic ring (8.05 ppm), confirming the assignment of the singlet at 7.29 ppm to H-3 A . Similarly, resonances corresponding to 4-OH HOPDA were observed at 6.61 ppm (H-5 B ) and 6.42 ppm (H-3 B ). An NOE cross-peak observed between the singlet at 6.61 ppm and the ortho aromatic protons (doublet at 7.99 ppm) confirmed the assignment of the dienol protons. The 1 H NMR spectra of aged or base-treated samples of 4-Cl HOPDA contained almost exclusively the resonances of 4-OH HOPDA.
A striking feature of the assignments is that the relative chemical shifts of H-3 and H-5 are reversed with respect to each other in 4-Cl and 4-OH HOPDAs (Table II) . This is in accordance with the simulated spectra of 4-Cl HOPDA, in which C-2 is enolic, and that of 4-OH HOPDA, in which C-6 is enolic (see under "Discussion" for proposed structures). The configurations of the 4-Cl and 4-OH HOPDAs could not be determined from these experiments. However, an NOE between H-3 B and H-5 B was observed, whereas no such NOE was observed between H-3 A and H-5 A . Finally, it is noted that other weak resonances seen in the 1 H NMR spectrum of 4-Cl HOPDA (e.g. 6.65 and 6.51 ppm in Fig. 2 ) could arise from other isomeric forms of 4-Cl or 4-OH HOPDAs.
The HMBC spectrum provided additional evidence for the a The coupling constant was not determined due to the broadness of the peak.
Specificity of a PCB-degrading Hydrolase
identification of 4-OH HODPA (Fig. 3) . Carbon resonances were assigned based on the simulated 13 C spectra of possible 4-Cl and 4-OH HOPDA tautomers and are consistent with the tautomers identified by 1 H NMR discussed above. In 4-Cl HOPDA, H-5 A showed a cross-peak with carbonyl C-6 A (189 ppm), which in turn showed a cross-peak with the aromatic ortho H A values. Long range coupling was also observed between H-5 A and the enolic C-2 A (160 ppm), which was also coupled to H-3 A . In 4-OH HOPDA, H-5 B showed a long range coupling to the ␣-carbonyl (C-2 B , 193 ppm), which also coupled with H-3 B . An additional cross-peak was observed between H-5 B and a peak at 177 ppm, which was assigned to the enolic carbon adjacent to the aromatic ring (C-6 B ). C-6 B also coupled to the aromatic ortho H values. Finally, coupling was observed between H-3 B and C-4 B (162 ppm). Consistent with simulated 13 C spectra, the C-2 B carbonyl resonated several ppm downfield of the C-6 A carbonyl and C-4 B resonated several ppm downfield of C-2 A .
HPLC analysis of the products of the spontaneous transformation of HOPDA, 4-OH HOPDA, and 10-Cl HOPDA revealed the presence of several compounds that absorbed at 250 nm. In each case, the major transformation product was identified as an acetophenone based on its retention time and UV-visible absorption spectrum. The presence of acetophenone among the spontaneous transformation products of HOPDA and 4-OH HOPDA was confirmed by GC-MS (data not shown). Integration of the peak areas of the HPLC chromatograms revealed that acetophenone accounted for 14% of the transformed HOPDA after 2 days of incubation and 9% of the transformed 4-OH HOPDA after 4 days of incubation. 4-Cl acetophenone accounted for 19% of the transformed 10-Cl HOPDA after 2 days of incubation.
Analysis of Products from BphD-catalyzed Transformation of HOPDAs-BphD hydrolyzes HOPDA to benzoate and 2-hydroxypentadienoate (Scheme 1). Accordingly, the analysis of the products obtained from the BphD-catalyzed transformation of HOPDA by HPLC revealed the presence of two compounds that absorbed at 230 nm. The absorption spectrum and retention time (2.346 min) of one of these products corresponded to those of benzoate (retention time, 2.345 min). The second product had a retention time of 1.601 min, and the amount of material detected at 230 nm decreased as the sample aged. This observation is consistent with the behavior of 2-hydroxypentadienoate, which spontaneously tautomerizes with concomitant loss of its UV absorption peak (30) . Comparison of the integral of the benzoate peak with benzoate standards indicated that over 95% of the transformed HOPDA was detected as benzoate.
The BphD-catalyzed hydrolysis of 8-Cl, 9-Cl, and 10-Cl HOPDAs yielded two peaks for each in the chromatograms. In all three cases, the first peak had the same retention time as 2-hydroxypentadienoate, observed in the hydrolysis of HOPDA. The retention time of the second compound depended on the chlorinated HOPDA and, based on this retention time and absorption spectrum, was identified as the corresponding chlorobenzoate. Thus, 8-Cl, 9-Cl, and 10-Cl HOPDAs yielded 2-Cl (2.603 min), 3-Cl (3.864 min), and 4-Cl benzoates (4.618 min), respectively. For each of these three chlorinated HOPDAs, greater than 90% of the transformed substrate was detected as the corresponding chlorobenzoate. The BphD-catalyzed hydrolysis of 3-Cl and 5-Cl HOPDAs yielded benzoate in amounts corresponding to 91 and 95%, respectively, of the substrates. Compounds that presumably correspond to the respective chlorinated 2-hydroxypentadienoates eluted before benzoate. Due to the low activity of BphD for 4-Cl HOPDA, products were not formed in sufficient quantities for analysis by HPLC. No acetophenone or chloroacetophenones were detected in the studied BphD-catalyzed transformations of HOPDAs.
Steady-state Kinetic Analysis-The specificity of BphD LB400 for monochlorinated HOPDAs displayed a marked dependence on the position of the chloro substituent. Thus, HOPDAs possessing a chloro substituent on the phenyl moiety were relatively good substrates for BphD: 8-Cl, 9-Cl, and 10-Cl HOPDA were hydrolyzed 0.28, 0.38, and 1.1 times, respectively, as specifically as HOPDA (100 mM phosphate, pH 7.5, 25°C; Table III). In contrast, HOPDAs possessing a chloro substituent on the dienoate moiety were poor substrates for BphD LB400 . Indeed, 4-Cl and 4-OH HOPDA were hydrolyzed so slowly that specificity constants could not be reliably determined. Enzymatic transformation of these compounds was nevertheless observed, as all kinetic experiments were performed using a reaction mixture prepared with no BphD as a reference. Thus, BphD LB400 hydrolyzed 3-Cl, 4-Cl, 4-OH, and 5-Cl HOPDA at relative maximal rates of 2.1 ϫ 10 Ϫ3 , 1.4 ϫ 10 Ϫ4 , 1.3 ϫ 10 Ϫ3 , and 0.36, respectively, versus HOPDA. The exceptionally low specificity of BphD for 3-Cl, 4-Cl, and 4-OH HOPDAs appears to be largely due to the slow catalytic turnover of these compounds. This suggests that these compounds should competitively inhibit the BphD-catalyzed hydrolysis of HOPDA. Consistent with this expectation, 3-Cl HOPDA was found to competitively inhibit the BphD-catalyzed hydrolysis of HOPDA with a K ic (0.57 Ϯ 0.04 M) equivalent to the K m of BphD for 3-Cl HOPDA.
4-Cl and 4-OH HOPDAs were also found to inhibit the BphDcatalyzed hydrolysis of HOPDA. When the data obtained using freshly prepared 4-Cl HOPDA were fit to an equation describing competitive inhibition, random trends in the residuals were observed and an analysis of variance indicated an insignificant lack of fit. An analysis of variance of the fit of the data to an equation describing mixed inhibition also indicated an insignificant lack of fit. However, a negative value for the uncompetitive inhibition constant, K iu , was obtained. Finally, fits of the data to an equation describing uncompetitive inhibition yielded nonrandom trends in the residuals and a highly significant lack of fit (results not shown). This analysis indicated that the BphD-catalyzed cleavage of HOPDA was inhibited by 4-Cl HOPDA in a competitive fashion with a K ic of 3.6 Ϯ 0.2 M.
Inhibition experiments were also performed using a solution that contained a 19:1 mixture of 4-OH and 4-Cl HOPDAs, based on electronic absorption spectra. An analysis of the data revealed that this mixture competitively inhibited the BphDcatalyzed hydrolysis of HOPDA more strongly (K ic ϭ 1.08 Ϯ 0.05 M; Fig. 4 ) than did freshly prepared 4-Cl HOPDA. Considering this value, the K ic of 4-Cl HOPDA, and the relative concentrations of 4-Cl and 4-OH HOPDAs, the K ic of the 4-OH HOPDA was calculated to be 0.95 Ϯ 0.04 M.
DISCUSSION
Effective exploitation of microbial catabolic pathways for the bioremediation of environmental pollutants requires an understanding of the substrate specificities of the catabolic enzymes and the properties of the generated metabolites. The present study demonstrates that monochlorinated HOPDAs are transformed by BphD in the same manner as unchlorinated HOPDA, with hydrolysis at the C-5-C-6 bond yielding a benzoate and a 2-hydroxypentadienoate. More significantly, the studies of the specificity of BphD for monochlorinated HOPDAs and the properties of these HOPDAs provide explanations for the occurrence of particular dead-end metabolites that have been observed in the microbial transformation of specific PCB congeners. The results further indicate that certain metabolites would inhibit the aerobic degradation of all PCBs and suggest what types of enzymatic activities would enhance the PCB-degrading capacities of naturally occurring strains.
The properties of 4-Cl HOPDA are of particular interest to the microbial degradation of PCBs. The data presented in the current study indicate that the yellow-colored 4-Cl HOPDA enolate (1) undergoes a relatively rapid spontaneous transformation in aqueous buffer to 4-OH HOPDA by Michael addition and elimination (Fig. 5) . This is consistent with the observation that 4-Cl HOPDA is less stable at basic pH. 4-OH HOPDA can then undergo a slower series of transformation to acetophenone (9) . Identification of one of the possible tautomers of 4-OH HOPDA (4) was based on 1 H and 13 C NMR data of the compound in acetone (Figs. 2 and 3) . The absorption spectrum of 4-OH HOPDA indicated this compound does not exist as an enolate in aqueous buffer at pH 7.5. Moreover, the borateinduced red shift of the spectrum of 4-OH HOPDA (Fig. 1) provided evidence for the presence of a tautomer bearing a C-2 carbonyl. Tautomer 5 is consistent with these data and could be formed by the transformations 1 3 2 3 3 3 4 3 5 (Fig. 5) . The observed transformation of 4-OH HOPDA to acetophenone readily occurs via tautomerization and retroaldol reaction (31), most reasonably by 5 3 6 3 7 3 8 ϩ 9. Finally, it is noted that 4-Cl HOPDA can be transformed directly to acetophenone (1 3  2 3 10 3 8 ϩ 9) .
Although the occurrence of acetophenones in the microbial degradation of PCBs is well documented, no satisfactory mechanism for their formation has been suggested (7, 16) . The current study clearly indicates that they can be formed nonenzymatically from HOPDAs. The failure to detect "yellow metabolites" in the transformation of PCBs to chloroacetophenones by Alcaligenes eutrophus H850 was used to argue against the formation of HOPDAs in their production (16) . However, the current results indicate that yellow metabolites may not accumulate if the chloroacetophenones arise from 4-Cl HOPDAs, as such HOPDAs would undergo a spontaneous transformation to a colorless tautomer of 4-OH HOPDA. Acetophenones have been proposed to arise from HOPDAs through a photochemically induced intramolecular abstraction of hydrogen involving the ketone functionality of HOPDA (32) . This mechanism seems unlikely as acetophenones are produced under conditions of normal laboratory light and in the absence of (Table I) , these compounds are less activated to Michael addition than is 4-Cl HOPDA (1).
The inability of BphD LB400 to transform 3-Cl HOPDA explains the accumulation of HOPDAs that has been reported when PCB-degrading bacterial strains, including B. cepacia LB400, are incubated in the presence of PCB congeners such as 4,4Ј-diClB, 2,4,4Ј-triClB and 2,4Ј,5-triClB (5, 7, 8) . Biphenyl dioxygenase, the initial enzyme of the bph pathway, preferentially catalyzes the 2,3-dihydroxylation of PCB congeners (6, 8, 33, 34) . The transformation of 4,4Ј-diClB thus gives rise to 4,4Ј-diCl-2,3-dihydro DHB, which in turn is predicted to be dehydrogenated to 4,4Ј-diCl DHB (Fig. 6a) . The meta-cleavage of 4Ј,4-diCl DHB would yield 3,10-diCl HOPDA. The microbial transformation products of 2,4,4Ј-and 2,4Ј,5-triClBs are straindependent. These congeners would be transformed to 3,8,10-triCl and 3,8,11-triCl HOPDAs, respectively, in those strains of which the biphenyl dioxygenase preferentially attacks less chlorinated aryl rings (5). However, biphenyl dioxygenase of strain LB400 preferentially attacks 2,4-diCl rings over 4-Cl rings, effecting the concomitant ortho-dechlorination of the former (33) . In strain LB400, 2,4,4Ј-triClB would thus be transformed to 3,10-diCl HOPDA. The present study suggests that in each of these cited cases, the expected HOPDAs would be poor substrates for BphD due to their respective 3-chloro substituents.
The inability of BphD LB400 to transform 4-Cl HOPDA and the susceptibility of the latter to spontaneous transformation explain the accumulation of chloroacetophenones that has been reported when PCB-degrading bacteria strains, including B. cepacia LB400, were incubated in the presence of PCB congeners such as 2,3Ј-diClB and 2,3,3Ј-triClB (7). Chloroacetophenones were also observed in the transformation of PCBs possessing 3-Cl, 2,5-diCl, or 2,4,5-triCl phenyl groups by A. eutrophus H850 (15), a strain of which the PCB-degrading profile is similar to that of B. cepacia LB400. In the case of 2,3,3Ј-triClB, initial attack of the less chlorinated aryl ring by biphenyl dioxygenase with subsequent dehydrogenation and ring cleavage as discussed above, is predicted to yield 4,8,9-triCl HOPDA (Fig. 6b) . The results of the current study indicate that due to its 4-chloro substituent, this HOPDA would be a poor substrate for BphD but would undergo a spontaneous transformation to 2,3-diCl acetophenone via 8,9-diCl-4-OH HOPDA. 4-Cl HOPDAs could be produced from congeners possessing 2,5-diCl and 2,4,5-triCl phenyl rings through initial 2,3-dihydroxylation of these rings. In principle, this reaction is catalyzed by certain biphenyl dioxygenases with concomitant ortho dechlorination (34) . Finally, chloroacetophenones could also accumulate in the microbial degradation of congeners that yield 3-Cl HOPDAs. However, the relative stabilities of 3-Cl and 4-Cl HOPDA indicate that smaller quantities of chloroacetophenones would accumulate in these cases, as was observed for 2,4Ј-diClB (6) .
The specificity of BphD for monochlorinated HOPDAs goes beyond explaining the results of PCB-degradation studies in that it predicts the inhibition of the degradation of PCB mixtures by some of the produced chlorinated HOPDAs. The high stability of 3-Cl HOPDA together with its ability to strongly inhibit BphD implies that 3-Cl HOPDAs can block the bph pathway and thus the mineralization of all PCB congeners. Although 4-Cl and 4-OH HOPDAs also inhibit BphD, their respective inhibition constants are at least 5-fold higher than the K m for HOPDA, and therefore, they are not predicted to inhibit PCB mineralization as potently as 3-Cl HOPDAs. The inhibition of the growth of PCB-degraders by commercial mixtures of PCBs has been reported (35) . However, this inhibition was apparently dependent on the presence of BphD and thus would not appear to be due to a chlorinated HOPDA but rather to a transformation product thereof. The chloroacetophenones and chlorooxaloacetates that are predicted to result from the transformation of higher chlorinated PCBs have not been well characterized. Moreover, it is unclear whether they are further transformed by PCB-degrading bacteria or whether they inhibit the metabolic processes of such strains.
The inhibition constants of 4-Cl and 4-OH HOPDAs are interesting in light of the proposed mechanism of BphD and related serine hydrolases such as MhpC. It has been proposed that MhpC, an enzyme related to BphD, binds a trans transoid enol tautomer of its substrate and catalyzes its tautomerization to the keto form through the action of an active site base and an active site acid (22, 23) . Base-catalyzed attack of the keto tautomer by water at C-6 yields a gem-diol intermediate prior to carbon-carbon bond fragmentation (21) . It has been proposed that MhpC is leaky with respect to the keto tautomer, which can thus escape the active site prior to nucleophilic attack. An essential tenet of this proposed mechanism is that the enzyme has a higher affinity for the enol tautomer than for the keto tautomer. Consistent with the hypothesis that an intermediate can be released from the active site prior to completion of the catalytic cycle, the maximal rate of product formation in both BphD and MhpC is approximately 50% that of substrate consumption (22, 24) . The stronger competitive inhibition of BphD by the 4-OH HOPDA than by 4-Cl HOPDA is consistent with the fact that the proposed configuration of the 4-OH HOPDA tautomers (4 and 5) more closely resemble that of the trans transoid HOPDA enol, the natural substrate of the enzyme.
The poor specificity of BphD LB400 for HOPDAs bearing chloro substituents on the dienoate moiety versus its high specificity for those bearing chloro substituents on the phenyl ring is consistent with the proposed mechanism of HOPDA hydrolysis. Chloro substituents on the dienoate moiety (C-3, C-4, and C-5) may influence the tautomerization of the HOPDA in the active site of the enzyme either through electronic effects or by perturbing the fit of HOPDA in the active site with respect to the acid and base that might catalyze this tautomerization. Alternatively, such a steric perturbation may decrease the susceptibility of the keto tautomer to attack at C-6 by the active site nucleophile. In contrast, the high specificity of BphD LB400 for HOPDAs chlorinated on the phenyl ring (C-8, C-9, and C-10) is consistent with the expectation that the electron withdrawing effect of the chloro substituent would stabilize the negatively charged tetrahedral intermediate at C-6. The particularly high specificity of BphD for 10-Cl HOPDA suggests that substituents at C-10 do not sterically hinder the interaction between the enzyme and the substrate.
The current data establish BphD as a key determinant in the microbial degradation of PCBs by B. cepacia LB400. In particular, efficient mineralization of PCB mixtures will require the recruitment of enzymes that can hydrolyze or dehalogenate 3-Cl and 4-Cl HOPDAs. In this respect, it is of interest to determine the specificity of evolutionarily divergent BphDs and thus whether the inability of BphD LB400 to hydrolyze 3-Cl and 4-Cl HOPDAs is a general characteristic of these enzymes. Atomic resolution structural data derived from the recently crystallized BphD LB400 (24) should provide insight into the molecular basis of specificity, as should transient state kinetic studies with 3-Cl and 4-Cl HOPDAs. Structural and kinetic studies may also suggest rational strategies for engineering enzymes able to hydrolyze these dead-end, inhibitory metabolites.
